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Acetate productionBy applying metabolic control analysis and inhibitor titration we determined the degree of control
(ﬂux control coefﬁcient) of pyruvate:ferredoxin oxidoreductase (PFOR) and bifunctional aldehyde–
alcohol dehydrogenase (ADHE) over the ﬂuxes of fermentative glycolysis of Entamoeba histolytica
subjected to aerobic conditions. The ﬂux-control coefﬁcients towards ethanol and acetate formation
determined for PFOR titrated with diphenyleneiodonium were 0.07 and 0.09, whereas for ADHE
titrated with disulﬁramwere 0.33 and 0.19, respectively. ADHE inhibition induced signiﬁcant accu-
mulation of glycolytic intermediates and lower ATP content. These results indicate that ADHE exerts
signiﬁcant ﬂux-control on the carbon end-product formation of amoebas subjected to aerobic
conditions.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Entamoeba histolytica is the human intestinal parasite that
causes amebiasis. This organism as a trophozoite lives under
microaerophilic environments of <5% atmospheric O2 (i.e.,
<30 lM dissolved) in in vitro cultures [1]; these O2 concentration
values are similar to those usually found in the human colon [2].
Hence, the parasite is adapted to a fermentative glycolysis as the
main pathway to produce ATP for cellular work. Remarkably, its
glycolytic pathway deviates in several aspects from that in the hu-
man host [3]. It contains the pyrophosphate-dependent enzymes
PPi-phosphofructokinase and pyruvate phosphate dikinase as well
as a GDP-dependent 3-phosphoglycerate kinase (GDP-PGK) [4–6],
which replace the functions in mammalian cells of the ATP-phos-
phofructokinase, pyruvate kinase and ADP-dependent PGK, respec-tively. Furthermore, amebas lack lactate dehydrogenase and the
pyruvate dehydrogenase complex, nor do they have pyruvate
decarboxylase as yeasts. Instead, pyruvate (Pyr) is oxidatively
decarboxylated to acetyl-CoA and CO2 by pyruvate:ferredoxin oxi-
doreductase (PFOR, E.C. 1.2.7.1) [3,7] where the reductive equiva-
lents are transferred to ferredoxin. Acetyl-CoA can be converted
to ethanol (etOH) by the action of a bifunctional aldehyde–alcohol
dehydrogenase (ADHE, E.C. 1.2.1.10 1.1.1.1) [3,7], which consumes
two NADH molecules per etOH produced, regenerating the NAD+
moiety necessary for continuous glycolytic ﬂux. Alternatively,
acetyl-CoA can also be transformed to acetate by the ADP-forming
acetyl-CoA synthetase (AcCoAS, E.C. 6.2.1.13) [3,8] in a reaction
that produces one mol of ATP per mol of formed acetate [3].
Early reports [8,9] established that under anaerobic conditions
(N2 atmosphere) the major end-products of glycolysis in monoxe-
nic amebas were 67% etOH and 33% acetate (etOH production rate
of 5.7 nmoles/minmg protein, and acetate production rate of
2.1 nmoles/minmg protein). In contrast, under aerobic conditions
(buffer equilibrated with air at 37 C), these rates were inverted
and acetate production was favored (acetate 3.5 nmoles/minmg
protein; etOH 1.7 nmoles/minmg protein; recalculated from [8]
assuming that 1  106 amebas equals 1 mg of protein as described
before [10]). Later, the same group demonstrated that axenic ame-
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we reported that after exposure to a supraphysiological O2 concen-
tration (0.63 mM for 30 min) amebas showed decreased etOH
(30% remaining) and increased (40%) acetate contents during a
recovery period of 60–90 min compared to control amebas without
stress. These changes were consequence of PFOR and ADHE inhibi-
tion induced by the reactive oxygen species (ROS) generated under
such conditions [11,12]. Although these studies allowed us to
determine the effects on energy metabolism of a strong and acute
oxidative-stress condition, such high O2 concentration used is not
found in living tissues or in in vitro experimentation. Therefore, it
was considered necessary to explore the effect of an oxidant condi-
tion such as that found in in vitro experiments (0.18 mM O2 con-
centration) to determine how the energy metabolism is affected
and to identify which pathway component controls the acetate
and etOH formation under this aerobic condition.
By applying the fundamentals of metabolic control analysis
(MCA) it can be quantitatively determined the degree of control
that an individual enzyme exerts on a pathway ﬂux, namely the
ﬂux control coefﬁcient (CJai). The C
J
ai values represent the impact
on the pathway ﬂux (J) of slightly changing the activity (a) of only
one of its enzymes (i) in the cell; thus, a CJai value of 1 means that
the enzyme totally controls the pathway ﬂux and it represents the
one and only rate-limiting step of the pathway (for a review on
MCA and its applications see [13]). However, MCA studies have
demonstrated that the control of a pathway ﬂux is shared in differ-
ent degrees amongst all the pathway enzymes [13].
To determine physiological meaningful CJai values under a par-
ticular metabolic state, the enzyme activity in the cell has to be ti-
trated and in parallel the steady-state pathway ﬂux has to be
determined. From plots of pathway ﬂux versus enzyme activity,
the CJai can be calculated from the derivative at the point of interest
(wild type enzyme activity level). One of the MCA strategies to
determine the CJai is to titrate with speciﬁc inhibitors the enzyme
activity in the cell [13]. Although this strategy has been success-
fully used in several cell types to determine the CJai of each respira-
tory complex over oxidative phosphoryation (ATP synthesis) [13],
this strategy has not been used for glycolysis because of the lack
of inhibitors that speciﬁcally target one glycolytic enzyme without
affecting the rest of the pathway enzymes and transporters. Re-
cently, it was determined that diphenyleneiodonium (DPI), an
inhibitor of electron-transport chain ﬂavo-enzymes inhibits Trich-
omonas vaginalis PFOR [14], whereas tetraehylthiuram disulﬁde
(disulﬁram; DSF) is a potent inhibitor of aldehyde and alcohol
dehydrogenases [15]. Therefore, DPI and DSF can be used as spe-
ciﬁc inhibitors to determine the ﬂux control coefﬁcients of these
glycolytic enzymes.
In the present study we report the determination of the control
coefﬁcients of PFOR and ADHE on the ﬂuxes of etOH and acetate
formation in amebas subjected to moderate aerobic conditions.
The aerobic condition was selected because when the parasites
are invading the colon adjacent tissues or in in vitro experiments
where air-equilibrated solutions are used, they become exposed
to an environment with a higher O2 concentration than that found
in the microaerophilic milieu from which they migrate. Since PFOR
and ADHE are the enzymes with higher susceptibility to damage
caused by oxygen stress, they can compromise the energy metab-
olism of the parasite.
2. Materials and methods
2.1. Reagents and chemicals
Disulﬁram and DPI chloride were from SIGMA (St. Louis MO,
USA). All other reagents for enzyme activity and metabolite deter-
mination were of analytical grade.2.2. Amebas
Virulent E. histolytica trophozoites of the HM1:IMSS strain were
isolated from experimentally induced amebic liver abscesses in
hamsters and cultured in TYI-S-33 medium as previously described
[16]. This procedure was routinely repeated every four weeks to
ensure a stable virulent phenotype. Before use, the parasites were
harvested at 450g and washed twice with phosphate buffer saline
(PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4)
at pH 7.4.
2.3. In vivo enzyme titration assays
Amebas were suspended at a density of 1  106 per ml in aero-
bic (air-equilibrated) PBS supplemented with 10 mM glucose (PBS-
G buffer; 0.18 ± 0.09 mM O2 concentration at 36 C and 2240 m
altitude; n = 3). Samples of 1 ml were poured into eppendorf tubes
and incubated at 36 C in the presence of either 0.1 lM DPI for 0,
10, 20, 40 and 60 min to titrate PFOR activity, or 0.05 lM DSF for
0, 10, 20 and 30 min to titrate ADHE activity. At least six tubes
were removed at the indicated times, one pair of samples were
pooled together whereas the others were kept individual and all
the tubes were centrifuged to remove the inhibitors. The cellular
pellet from the pooled samples was processed to obtain cytosolic
extracts for enzyme activity determinations as described below.
The other tubes were processed for pathway ﬂux determination
as follows. The cells in two tubes were re-suspended in 1 ml of
PBS-G and immediately extracted with perchloric acid for further
acetate and etOH determination (t = 0). The cells from another pair
of tubes were re-suspended in a similar fashion and incubated for
30 min at 37 C; thereafter, the samples were centrifuged and the
supernatant recovered for metabolite determination. Similar series
of tubes were processed in the absence of the inhibitor and used as
control of enzyme activities and ﬂuxes. At the end of each incuba-
tion protocol, the cell viability was determined by Trypan blue
exclusion.
2.4. Enzyme activity determinations in amebal cytosolic fractions
To determine the glycolytic and AcCoAS enzyme activities of
amebas subjected to aerobic conditions, the cells were harvested
and re-suspended in an equal volume of lysis buffer (25 mM
Tris–HCl, pH 7.6, 1 mM EDTA pH 8.0, 5 mM dithiothreitol and
1 mM phenylmethylsulfonyl ﬂuoride) and the activity determined
under aerobic conditions as previously described [10,12]. For
determination of PFOR and ADHE activities, the lysis buffer (which
was supplemented with detergent for PFOR determination), lysis
procedure and enzyme activity measurements were conducted
under reductive conditions and a N2 atmosphere as described be-
fore [12]. ADHE activity was determined as described elsewhere
[12] using saturating concentrations of acetyl-CoA and NADH as
substrates but in the absence of pyrazol. Since the activity was
determined under initial velocity conditions (in the absence of
products) mainly the aldehyde dehydrogenase activity was
evaluated.2.5. Determination of metabolites
Metabolites (glucose-6-phosphate, G6P; fructose-6-phosphate,
F6P; Pyr and ATP) were determined using 20  106 trophozoites
of control amebas or exposed to the inhibitors. Samples were trea-
ted and metabolites quantiﬁed as described before [10]. For the
estimation of the metabolite intracellular molar concentrations, it
was assumed that amebal trophozoites have an intracellular water
volume of 20 ll per 107 cells [10].
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Samples from the different conditions were extracted with
perchloric acid and neutralized as described before [10]. Acetate
was determined as described elsewhere [12]. Ethanol was deter-
mined in ﬁltered acid extracts using a gas chromatograph GC
2010 (Shimadzu; Kyoto, Japan), equipped with an HP-PLOT/U
fused silica capillary column (divinylbenzene/ethylene glycol
dimethacrylate, 30 m  0.32 mm  10 lm) (Agilent, St Louis MO,
USA).
3. Results
3.1. Determining the speciﬁcity of DPI and DSF inhibition on PFOR and
ADHE activities in trophozoites
To determine the ﬂux control coefﬁcient using the speciﬁc
inhibitor titration approach (reviewed in [13]), it is ﬁrst necessary
to determine that the inhibitor affected only one pathway enzyme
during the experiment.
DPI is a potent (Ki values of 1–10 lM) irreversible-type inhibitor
of ﬂavin-dependent oxido-reductases. T. vaginalis exposed for 2 h
to 10 lM DPI showed no detectable levels of PFOR activity [14].
In a similar fashion, E. histolytica trophozoites exposed to submi-
cromolar DPI concentrations showed a time-dependent PFOR inac-
tivation (Fig. 1A). The cell viability at the highest DPI concentration
was 84% and 76% after incubations of 60 and 90 min, respectively.
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Fig. 1. Effect of DPI and DSF on PFOR and ADHE activities within the cells. (A) Time-cours
Control activity: 0.98 U/mg protein. (B) Irreversible nature of the PFOR inhibition by DPI.
was processed for immediate PFOR determination (squares) whereas the other was harv
activity was determined at the end of the incubation (circles). Control activity was 1.12
incubated for 30 min with the indicated inhibitor concentrations. Control activity was
ADHE control activity: 0.073 ± 0.019 U/mg of protein. The plot shows the results of threselected because PFOR activity can be reliably titrated without
compromising parasite viability (remaining PFOR activity of
25% ± 20 with 90% cell viability). Using this inhibitor concentration
it was also necessary to determine that at each incubation time,
there was neither increased inhibition nor reactivation of the en-
zyme for a further period of at least 30 min, time required for path-
way ﬂuxes determination. Indeed, DPI caused an irreversible and
steady time-dependent PFOR inactivation (Fig. 1B). Moreover, un-
der this condition DPI only inhibited PFOR activity, showing negli-
gible effects on the rest of the glycolytic, ADHE and AcCoAS
enzymes (Table 1).
The ADHE activity in amebas was titrated with several inhibi-
tors of NAD+-dependent dehydrogenases such as gossypol and pyr-
azol. Amebas incubated for 30 min with gossypol displayed an IC50
of 5 lM for ADHE (Fig. S1A in Supplementary material), but this
concentration also inhibited GAPDH (58% remaining activity,
Table S1) and it diminished trophozoites viability by 66% at the
end of the incubation. Pyrazol inhibited ADHE within the cells with
an IC50 of 0.2 mM (Fig. S1B) but it also had effect on GAPDH, show-
ing 13% and 7% remaining ADHE and GAPDH activities after treat-
ment with 0.5 mM of the inhibitor for 30 min (Table S2; cell
viability was 76% at the end of the incubation). Finally, DSF po-
tently inhibited ADHE activity with an IC50 of 0.05 lM and,
although the inhibition was not complete at this concentration
(Fig. 1C), the activity could be reliable titrated (Fig. 1D) and the de-
gree of inhibition was constant after the 30 min period of ﬂux mea-
surement (data not shown). Therefore, 0.05 lM DSF mainly
affected ADHE activity (Table 1) and did not compromise cell0 5 10 15 20 25 30
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e of PFOR activity inhibition in amebas exposed to the indicated DPI concentrations.
Two groups of amebas were exposed to 0.1 lM DPI. After different times, one group
ested, washed and re-incubated in fresh aerobic PBS-G for further 30 min and PFOR
± 0.11 U/mg of protein; n = 3. (C) Inhibition of the ADHE activity by DSF in amebas
0.091 U/mg of protein. (D) Time-course of ADHE inhibition by 0.05 lM disulﬁram.
e different experiments (mean ± S.D.).
Table 1
Activities of the pathway enzymes in amebas incubated under aerobic conditions in
the absence and presence of 0.1 lM DPI for 1 h or 0.05 lM DSF for 30 min. The values
shown represent the mean ± S.D. of the number of independent preparations assayed
between parentheses.
Enzyme Control activity
(mU/mg cell
protein)
% Remaining activity
after DPI treatment
% Remaining activity
after DSF treatment
HK 152 ± 38 (3) 92 (2) 95 ± 6 (3)
HPI 380 ± 60 (3) 90 (2) 93 ± 4 (3)
PPi-PFK 523 ± 42 (3) 90 (2) 103 ± 8 (3)
ALDO 365 ± 53 (3) 94 (2) 91 ± 10 (3)
TPI 12540 ± 3350 (3) 92 (2) 98 ± 11 (3)
GAPDH 433 ± 136 (3) 94 (2) 83 ± 18 (3)
PGK 1260 ± 309 (3) 90 (2) 89 ± 6 (3)
PGAM 129 ± 32 (3) 93 (2) 91 ± 8 (3)
ENO 408 ± 195 (3) 94 (2) 93 ± 6 (3)
PPDK 290 ± 46 (3) 95 (2) 91 ± 7 (3)
PFOR 1145 ± 103 (3) 25 ± 20 (3) 95 ± 3 (3)
ADHE 93 ± 45 (3) 90 (2) 53 ± 23 (3)
AcCoAS 254 ± 96 (3) 87 (2) 91 (2)
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also affected GAPDH activity (Table S3).
3.2. Determination of PFOR and ADHE ﬂux control coefﬁcients under
aerobic conditions
The results described above clearly demonstrated that under
aerobic conditions and short-term incubations, DPI and DSF can
be used as speciﬁc inhibitors of amebal PFOR and ADHE, respec-
tively, to determine their ﬂux control coefﬁcients on the rates of
ethanol and acetate formation (CJetohai and C
Jacetate
ai , respectively) since
they did not signiﬁcantly affect the activities of all other pathway
enzymes or cell viability, a requirement for ﬂux-control coefﬁcient
determination by inhibitor titration [13].0 20 40 60 80 100
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Fig. 2. Determination of the control coefﬁcients of PFOR and ADHE over the glycolytic ﬂ
PBS-G in the presence of 0.1 lMDPI (A and B) or 0.05 lMDSF (C and D). At different time
determination as described in material and methods. The cloud of experimental poin
coefﬁcient was calculated from the slope of the linear ﬁtting.Therefore, the activities of PFOR and ADHE were titrated with
their respective inhibitors in cells subjected to aerobic conditions
and the ﬂuxes towards etOH and acetate formation were deter-
mined at each inhibitor concentration used. A plot of percentage
of enzyme activity versus percentage of ﬂux was constructed from
which the CJai values are usually calculated from the slope of the
points closest to 100% enzyme activity (i.e. in the absence of the
inhibitor). However, all experimental points allowed for a high
ﬁdelity linear ﬁtting (Fig. 2). The calculated CJPFOR and C
J
ADHE values
determined are shown in Table 2. The negative value of the
CJacetateADHE means that the enzyme represents a leak from the acetate
production branch, thus disfavoring its production. The results
indicated that ADHE mainly controls both, the etOH and acetate
formation under aerobic conditions.
Remarkably, amebas incubated in the absence of inhibitors
showed aerobic glycolytic ﬂuxes of 26 ± 7 nmol etOH/minmg cell
protein (n = 3) and 3.6 ± 0.8 nmol acetate/minmg cell protein
(n = 3). These results are in agreement with our previous observa-
tions showing that the route of etOH production prevails over that
of acetate production also after being subjected to a strong oxidiz-
ing episode (15.3 nmoles etoh/minmg cell protein and 2.8 nmo-
les acetate/minmg cell protein [12]). Thus, contrary to what is
usually thought about carbon ﬂuxes in amebas, etOH is the pre-
ferred end product over acetate under mild aerobic conditions
and after an acute exposure to high O2 concentration. Under micro-
aerophilic conditions much lower acetate ﬂuxes would be
expected.
3.3. Inhibition of PFOR and ADHE promotes accumulation of glycolytic
intermediaries
It was also evaluated the effect of PFOR and ADHE inhibition on
the glycolytic intermediaries and ATP contents under the condi-
tions described above (80% PFOR inhibition, 50% ADHE inhibition;0 20 40 60 80 100
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uxes in amebas subjected to aerobic conditions. Amebas were incubated in aerobic
intervals, aliquots were withdrawn for enzyme activity, and acetate and etOH ﬂuxes
ts shown represents the results of three different cell preparations. The control
Table 2
Flux control coefﬁcients of PFOR and ADHE towards the synthesis of ethanol and
acetate in amebas exposed to aerobic conditions. The values shown represent the
mean ± S.D. of the linear regression displayed in Fig. 3.
Enzyme CJetohai C
Jacetate
ai
PFOR 0.072 ± 0.015 0.09 ± 0.03
ADHE 0.33 ± 0.13 0.19 ± 0.08
182 E. Pineda et al. / FEBS Letters 587 (2013) 178–184Fig. 1B and D). When PFOR or ADHE in amebal trophozoites were
inhibited with DPI and DSF, respectively, there was accumulation
of G6P, F6P and Pyr, in parallel to a decrease in the ATP content
(Fig. 3); however, most of the changes were statistically signiﬁcant
only when ADHE was inhibited. This pattern of metabolite changes
correlated with the higher CJai of ADHE over the aerobic fermenta-
tive glycolytic ﬂux in E. histolytica.
The results described above were schematized in Fig. 4, in
which the metabolic changes induced by PFOR and ADH inhibition
in amebas subjected to aerobic conditions are represented. Com-
pared to the control condition (Fig. 4A), PFOR inhibition (Fig. 4B)
promoted (i) 10% (Fig. 2A and B) decrease in etOH an acetate
ﬂuxes (represented by the thickness of the arrow); (ii) 2.5-fold,
50% and 2-fold accumulation of G6P, F6P and Pyr, respectively;
and (iii) not signiﬁcant decrease in ATP content (Fig. 3). In contrast,
ADHE inhibition (Fig. 4C) induced (i) signiﬁcant 30% decreased ﬂux
to etOH and 15% increased ﬂux to acetate (Fig. 2C and D); (ii) hex-
ose-phosphates and Pyr hyper-accumulation; and (iii) 50% de-
crease in ATP content (Fig. 3).
4. Discussion
When amebas leave the lumen of the human intestine and in-
vade the tissues they ﬁnd higher oxygen concentrations (38.3
and 65 lM in human liver and gastric mucosa tissues, respectively)
[17]. Furthermore, in the hamster’s amebic hepatic abscess model,
after amebas are injected into the portal vein, it takes at least 6 h to
develop ischemic and hypoxic foci, time at which the trophozoites
initiate proliferation [18]. Moreover, it has been determined that
virulent amebas have a more robust antioxidant defense compared
to non-virulent amebas [11] and recently, we reported that in ame-
bas subjected to a supra-physiological O2 concentration (0.63 mM),
PFOR and ADHE were drastically inhibited [12]. We hypothesized1 2 4
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Fig. 3. Metabolite concentrations in amebas incubated with DPI and DSF under
aerobic conditions. One million amebas per ml were incubated in aerobic PBS-G in
the absence or presence of 0.1 lM DPI for 60 min (PFOR) and 0.05 lM DSF for
30 min (ADHE) at 36 C. Control metabolite concentrations (mM) were 2.81 ± 0.75
(n = 3) for G6P; 1.04 ± 0.18 (n = 3) for F6P, Pyr 0.87 ± 0.4 (n = 3) and 2.74 ± 0.88
(n = 3) for ATP. The plots show the results of three biological replicas (with the
exception of Pyr in DSF treated amebas, where results with only one cell
preparation is shown). One-tailed Student’s t-test for non-paired samples.
⁄P < 0.03 versus control.that during these periods under oxidizing conditions, the energy
metabolism of amebas might be impaired, which in the long term
affects the parasite’s survival abilities. However, such high O2 con-
centrations are not normally found in vivo or used in in vitro exper-
iments. Therefore, it was relevant to determine under aerobic
conditions (0.18 mM dissolved O2 concentration) the control that
the oxygen-inhibited PFOR and ADHE have on the glucose fermen-
tation ﬂuxes of the amebas.
Using the MCA quantitative approach we determined that PFOR,
despite being susceptible to inhibition by ROS [12] did not exert
signiﬁcant control (less than 10%) over the glycolytic ﬂux in ame-
bas subjected to aerobic conditions. In turn, ADHE exerted signiﬁ-
cant control on both the etOH and acetate ﬂuxes under aerobic
conditions (30% and 19% in average; Table 2). The rest of the con-
trol (60%) must lie in the reactions that produce Pyr but not in that
of AcCoAS. Preliminary results using the elasticity analysis ap-
proach to determine the control distribution of a metabolic path-
way [13] suggest that the group of enzymes that consume Pyr
(which comprises PFOR, ADHE and AcCoAS), has a CJetohai value near
to the sum of the CJetohai for ADHE and PFOR obtained here (cf. Ta-
ble 2) (Erika Pineda & Emma Saavedra, unpublished results). This
suggests that the ﬂux-control exerted by AcCoAS is negligible.
Our present results indicated that ADHE determines the fate of
Pyr in the energy metabolism of the parasite subjected to aerobic
conditions. The reason of the low PFOR control is that it is the sec-
ond fastest pathway enzyme after TPI within the cell (Table 1).
Therefore, PFOR has overcapacity over the glucose fermentative
metabolism even under aerobic conditions in which partial inhibi-
tion of the enzyme can occur. On the other hand, ADHE displayed a
higher ﬂux-control most probable because of its low activity in the
cell; its ﬂux-control coefﬁcient value is comparable to those of HK
and PGAM that are the enzymes that also control the glycolytic
ﬂux, as determined by kinetic modeling of the entire pathway [10].
In E. histolytica, ADHE is the only enzyme able to transform acet-
yl-CoA to etOH at expenses of NADH oxidation, thus being the pre-
dominant enzyme involved in the regeneration of NAD+ for a
continuous glycolysis. In the amebal genome there are ﬁve open
reading frames (ORFs) encoding for ADHE which however share
98–100% sequence identity [19], which suggests that only one en-
zyme isoform encoded by 5 duplicated genes is present in amebas.
On the other hand, there are many other ORFs for alcohol dehydro-
genases and one for an aldehyde dehydrogenase in amebas [19],
and some of them have been kinetically characterized showing
the use of free aldehyde/etOH and NADP(H) as substrates
[20–22]. Since the ADHE enzymatic assay employed here used
acetyl-CoA and NADH as substrates, the effect of DSF inhibition
was determined only over this enzyme; however, effect of DSF
on other aldehyde or alcohol dehydrogenases cannot be ruled out
but their contribution to fermentative glycolysis is expected to
be negligible because they are unable to use AcCoA as substrate.
The E. histolytica ADHE has an iron-binding domain that is
essential for activity [23] and which may be involved in the en-
zyme strong inactivation under oxidizing conditions [12]. Its high
sensitivity to ROS and its high control over the glucose metabolism
under aerobic conditions may compromise the cellular ATP pro-
duction as demonstrated by a marked decrease in ATP content
when it was speciﬁcally inhibited by DSF. ADHE may also be inhib-
ited by O2 under closer physiologically conditions after prolonged
exposure to aerobiosis. In addition to its emerging relevance for
the control of the energy metabolism of E. histolytica under aerobic
conditions, recently it has been demonstrated that ADHE is also in-
volved in iron uptake [24]. These features make this enzyme a suit-
able and novel therapeutic target for drug intervention.
The present results also indicated that despite the 15% in-
creased ﬂux towards acetate under aerobic conditions, the extra
ATP synthesized by the AcCoAS in the acetate branch does not suf-
AB C
Fig. 4. Schematic representation of the glycolytic pathway in amebas incubated under aerobic conditions. Amebas incubated in the absence of inhibitors (A), with 0.1 lMDPI
for 1 h (B) or with 0.05 lM DSF for 30 min (C). The thickness of the arrows represents the relative ﬂux rates through the enzymatic reactions. The size of the metabolite
abbreviation represents its relative concentration. HXT, glucose transporter; HK, hexokinase; HPI, hexosephosphate isomerase; Gluout, external glucose; Gluin internal
glucose; G3P, glyceraldehyde-3-phosphate; DHAP, dihydroxyacetone phosphate; PPi, pyrophosphate; Pi, inorganic phosphate. Gluin was assumed to accumulate in B and C.
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the acetate branch to ATP synthesis seems low under aerobic con-
ditions. Instead, acetate formation may mainly function for drain-
ing acetyl-CoA accumulation, which may slow down the glycolytic
ﬂux, since most of the pathway reactions are physiologically
reversible with the exception of those of HK and the glucose trans-
porter. Hence, AcCoAS may serve to replenish the CoA necessary
for a continuous glycolysis.
Interestingly, unbalanced accumulation of hexose-phosphates
and Pyr was observed in amebas treated with either DSF or DPI
(Fig. 3). This result contrasted with the balanced changes in glyco-
lytic metabolites seen in amebas subjected to 0.63 mMO2 [11]. The
change in the metabolite proﬁle induced by the DSF and DPI mayfavor increased ﬂuxes through glycolytic branches, e.g. the non-
oxidative pentose phosphate pathway and glucosamine-6-phos-
phate synthesis at the F6P level; and/or increased glycogen
degradation at the G6P level. In turn, an increase in erythrose-4-
phosphate brought about by an enhanced ﬂux through the PPP
may metabolically affect hexose-phosphate isomerase (HPI) activ-
ity since this metabolite is a potent competitive inhibitor of the
enzyme (Ki = 5.9 lM) [25]. Indeed, increases in intermediaries of
several glycolytic branches have been documented in amebas sub-
jected to oxidative stress caused by hydrogen peroxide and methyl
viologen [26]. Hence, an environmental stress causing inhibition of
the latter reactions of glycolysismay function as a signal for carbon-
skeletons mobilization to other important glycolytic branches.
184 E. Pineda et al. / FEBS Letters 587 (2013) 178–184Acknowledgments
This work was partially supported by CONACyT-Mexico Grant
No. 83084 to E.S. and UNAM-DGAPA-PAPIIT IN204310 to A.O.-G.
E.P. was supported by CONACyT Ph.D. fellowship No. 210311. E.P.
acknowledges partial ﬁnancial support provided by the Programa
de Doctorado en Ciencias Biomédicas, UNAM.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.febslet.2012.11.
020.
References
[1] Band, R.N. and Cirrito, H. (1979) Growth response of axenic Entamoeba
histolytica to hydrogen, carbon dioxide, and oxygen. J. Protozool. 26, 282–286.
[2] Ladas, S.D., Karamanolis, G. and Ben-Soussan, E. (2007) Colonic gas explosion
during therapeutic colonoscopy with electrocautery. World J. Gastroenterol.
13, 5295–5298.
[3] Reeves, R.E. (1984) Metabolism of Entamoeba histolytica. Adv. Parasitol. 23,
105–142.
[4] Saavedra, E., Encalada, R., Pineda, E., Jasso-Chávez, R. and Moreno-Sánchez, R.
(2005) Glycolysis in Entamoeba histolytica. Biochemical characterization of
recombinant glycolytic enzymes and ﬂux control analysis. FEBS J. 272, 1767–
1783.
[5] Saavedra-Lira, E., Ramírez-Silva, L. and Pérez-Montfort, R. (1998) Expression
and characterization of recombinant pyruvate phosphate dikinase from
Entamoeba histolytica. Biochim. Biophys. Acta 1382, 47–54.
[6] Encalada, R., Rojo-Dominguez, A., Rodriguez-Zavala, J.S., Pardo, J.P., Quezada,
H., Moreno-Sanchez, R. and Saavedra, E. (2009) Molecular basis of the unusual
catalytic preference for GDP/GTP in Entamoeba histolytica 3-phosphoglycerate
kinase. FEBS J. 276, 2037–2047.
[7] Lo, H.S. and Reeves, R.E. (1978) Pyruvate-to-ethanol pathway in Entamoeba
histolytica. Biochem. J. 171, 225–230.
[8] Montalvo, F.E., Reeves, R.E. and Warren, L.G. (1971) Aerobic and anaerobic
metabolism in Entamoeba histolytica. Exp. Parasitol. 30, 249–256.
[9] Reeves, R.E., Warren, L.G., Susskind, B. and Lo, H.-S. (1977) An energy-
conserving pyruvate-to-acetate pathway in Entamoeba histolytica. J. Biol.
Chem. 252, 726–731.
[10] Saavedra, E., Marin-Hernández, A., Encalada, R., Olivos, A., Mendoza-
Hernández, G. and Moreno-Sánchez, R. (2007) Kinetic modeling can describe
in vivo glycolysis in Entamoeba histolytica. FEBS J. 274, 4922–4940.
[11] Ramos-Martínez, E., Olivos-García, A., Saavedra, E., Nequiz, M., Sánchez, E.C.,
Tello, E., El-Haﬁdi, M., Saralegui, A., Pineda, E., Delgado, J., Montfort, I. and
Pérez-Tamayo, R. (2009) Entamoeba histolytica: oxygen resistance and
virulence. Int. J. Parasitol. 39, 693–702.
[12] Pineda, E., Encalada, R., Rodriguez-Zavala, J.S., Olivos-Garcia, A., Moreno-
Sanchez, R. and Saavedra, E. (2010) Pyruvate:ferredoxin oxidoreductase and
bifunctional aldehyde–alcohol dehydrogenase are essential for energymetabolism under oxidative stress in Entamoeba histolytica. FEBS J. 277,
3382–3395.
[13] Moreno-Sánchez, R., Saavedra, E., Rodríguez-Enríquez, S. and Olín-Sandoval, V.
(2008) Metabolic control analysis: a tool for designing strategies to
manipulate metabolic pathways. J. Biomed. Biotechnol. 597913.
[14] Leitsch, D., Kolarich, D. and Duchêne, M. (2010) The ﬂavin inhibitor
diphenyleneiodonium renders Trichomonas vaginalis resistant to
metronidazole, inhibits thioredoxin reductase and ﬂavin reductase, and
shuts off hydrogenosomal enzymatic pathways. Mol. Biochem. Parasitol.
171, 17–24.
[15] Carper, W.R., Dorey, R.C. and Beber, J.H. (1987) Inhibitory effect of disulﬁram
(antabuse) on alcohol dehydrogenase activity. Clin. Chem. 33, 1906–1908.
[16] Olivos-García, A., González-Canto, A., López-Vancell, R., García de León, M.del
C, Tello, E., Nequiz-Avendaño, M., Montfort, I. and Pérez-Tamayo, R. (2003)
Amebic cysteine proteinase 2 (EhCP2) plays either a minor or no role in tissue
damage in acute experimental amebic liver abscess in hamsters. Parasitol. Res.
90 (3), 212–220.
[17] Vaupel, P., Kallinowski, F. and Okunieff, P. (1989) Blood ﬂow, oxygen and
nutrient supply, and metabolic microenvironment of human tumors: a review.
Cancer Res. 49, 6449–6465.
[18] Olivos-García, A., Nequiz-Avedaño, M., Tello, E., Martínez, R.D., González-
Canto, A., López-Vancell, R., García de León, M.C., Montfort, I. and Pérez-
Tamayo, R. (2006) Inﬂammation, complement, ischemia and amoebic survival
in acute experimental amoebic liver abscesses in hamsters. Exp. Mol. Pathol.
77, 66–71.
[19] Clark, C.G., Alsmark, U.C., Tazreiter, M., Saito-Nakano, Y., Ali, V., Marion, S.,
Weber, C., Mukherjee, C., Bruchhaus, I., Tannich, E., Leippe, M., Sicheritz-
Ponten, T., Foster, P.G., Samuelson, J., Noël, C.J., Hirt, R.P., Embley, T.M.,
Gilchrist, C.A., Mann, B.J., Singh, U., Ackers, J.P., Bhattacharya, S., Bhattacharya,
A., Lohia, A., Guillén, N., Duchêne, M., Nozaki, T. and Hall, N. (2007) Structure
and content of the Entamoeba histolytica genome. Adv. Parasitol. 65, 51–190.
[20] Kumar, A., Shen, P.S., Descoteaux, S., Pohl, J., Bailey, G. and Samuelson, J. (1992)
Cloning and expression of an NADP(+)-dependent alcohol dehydrogenase gene
of Entamoeba histolytica. Proc. Natl. Acad. Sci. USA 89, 10188–10192.
[21] Rodríguez, M.A., Báez-Camargo, M., Delgadillo, D.M. and Orozco, E. (1996)
Cloning and expression of an Entamoeba histolytica NADP+-dependent alcohol
dehydrogenase gene. Biochim. Biophys. Acta 1306, 23–26.
[22] Zhang, W.W., Shen, P.S., Descoteaux, S. and Samuelson, J. (1996) Cloning and
expression of the gene for an NADP(+)-dependent aldehyde dehydrogenase of
Entamoeba histolytica. Mol. Biochem. Parasitol. 63, 157–161.
[23] Espinosa, A., Yan, L., Zhang, Z., Foster, L., Clark, D., Li, E. and Stanley Jr., L. (2001)
The bifunctional Entamoeba histolytica alcohol dehydrogenase 2 (EhADH2)
protein is necessary for amebic growth and survival and requires an intact C-
terminal domain for both alcohol dahydrogenase and acetaldehyde
dehydrogenase activity. J. Biol. Chem. 276, 20136–20143.
[24] Reyes-López, M., Bermúdez-Cruz, R.M., Avila, E.E. and de la Garza, M. (2011)
Acetaldehyde/alcohol dehydrogenase-2 (EhADH2) and clathrin are involved in
internalization of human transferrin by Entamoeba histolytica. Microbiology
157, 209–219.
[25] Marín-Hernández, A., Gallardo-Pérez, J.C., Rodríguez-Enríquez, S., Encalada, R.,
Moreno-Sánchez, R. and Saavedra, E. (2011) Modeling cancer glycolysis.
Biochim. Biophys. Acta 1807 (6), 755–767.
[26] Husain, A., Sato, D., Jeelani, G., Soga, T. and Nozaki, T. (2012) Dramatic Increase
in glycerol biosynthesis upon oxidative stress in the anaerobic protozoan
parasite Entamoeba histolytica. PLoS Negl. Trop. Dis. 6 (9), e1831.
